The evolutionary significance of a mixed mating system is currently under debate. Calluna vulgaris (L). Hull, a widespread European shrub, is likely to undergo mixed mating because of geitonogamy. Mating system was investigated in three populations of C. vulgaris is by means of greenhouse controlled crosses, pollen tube observations, and outcrossing rate estimations from allozyme markers. The species is highly self-sterile, most probably as a result of early inbreeding depression. Mean fruit set and mean seed number per fruit following hand selfpollination were 48 and 13%, respectively, of those following cross-pollination, Pollen tubes produced by self pollen penetrated the ovary with the same success as those from cross-pollination. Multilocus estimates of the outcrossing rates ranged from 0.71 to 0.90, and two estimates were significantly different from 1.00. Calluna vulgaris could thus be classified as being mixed mating with predominant allogamy. Single-locus estimates did not ...
Introduction
Mating system may strongly influence the magnitude and the distribution of genetic variation in plant populations and thereby determine the tempo and mode of evolutionary change (Clegg 1980; Schoen 1988; Hamrick and Godt 1989) . Two parameters currently used to characterize the mating system of a species are the ability to set seed after self-pollination and the selfing rate realized in natural populations. Self-fertilization has several potential advantages: (i) automatic selection of genes influencing the rate of self-fertilization due to the "cost of meiosis," unless the selfing genotype make no contribution to the pollen pool (Fisher 1941; Nagylaki 1976) ; (ii) reproductive assurance when cross-fertilization is not feasible, and successful colonization or reproduction occurs in an unreliable environment (Baker 1955; Gray 1986; Jarne and Charlesworth 1993) ; and (iii) the production of locally adapted progeny carrying beneficial genes or multilocus gene complexes (Antonovics 1968; Jarne and Charlesworth 1993) . Inbreeding depression, the tendency for inbred progeny to be less fit than outbred progeny, was generally thought to be the selective force opposing the evolution of self-fertilization (Darwin 1876; Lande and Schemske 1985; Charlesworth and Charlesworth 1987) . By modelling the interaction of inbreeding depression and self-fertilization, Lande and Schemske (1985) predicted a bimodal distribution of outcrossing rates, primarily outcrossing and primarily self-fertilizing. Schemske and Lande (1985) provided some empirical support for this prediction by reviewing the allogamy rate of a range of species. Further studies have challenged the prediction of bimodal distribution of allogamy rates, mainly for insect-pollinated species that regularly exhibited mixed mating with interpopulation variation of outcrossing rates (Aide 1986; Barret and Eckert 1990; Godt and Hamrick 1991) . Whether partial selfing is an evolutionary stable strategy in some populations or only a transition phase is thus currently under debate. The examination of mating system of insect-pollinated species is relevant to this debate, especially if coupled with examination of inbreeding depression level.
The present study is part of ongoing research into matingsystem variation and population genetic structure of the dominant plant species of heathlands and peat bogs in western Europe (Jacquemart et al. 1994; Jacquemart 1996; Jacquemart and Thompson 1996; . These seminatural ecosystems are currently endangered because of modification of their management. Heathland management may be potentially enhanced by a better understanding of the population biology of the dominant species. Calluna vulgaris (L). Hull (Ericaceae) (heather, ling), a branched, hemispherical, evergreen shrub, typically of short stature (0.8 m), is the most important shrubby member of western European heaths (Gimingham 1960) . Calluna vulgaris is pollinated mainly by insects, while wind plays a secondary role (Herrera 1987; G. Mahy, unpublished) . There is a high probability that flowers receive self pollen by way of geitonogamy or facilitated autogamy (sensu Lloyd and Schoen 1992 (Knuth 1908; Gimingham 1960) , often visit the flowers of a single inflorescence sequentially and move between inflorescences on the same plant. Dommée (1969) reported low but significant seed production following hand self-pollinations in greenhouse experiments. Herrera (1987) reported 24% autonomous selfed fruit set in a natural population; however, Beijerinck (1940) and Hagerup (1950) noticed that a pollinating agent was necessary for successful reproduction, as fructification never occurred in flowers that were experimentally enclosed. Information derived from such studies, while useful as a first approach, cannot be used to obtain quantitative estimates of the mating system. Only well-defined genetic markers, such as allozymes, permit valid estimation of the realized level of selfing in natural populations. Up to now, estimation of mating parameters in C. vulgaris was precluded by lack of such adequate genetic markers.
In this paper, we report detailed investigations on mating system of three C. vulgaris populations including (i) quantitative estimates of self-fertility by means of controlled crosses, (ii) evidence of early inbreeding depression based on pollen tube observations, and (iii) estimation of outcrossing rates by means of allozymes. Our main purpose is to test for the existence of mixed mating system in this insect-pollinated species.
Materials and methods

Populations studied
Mating system was studied in three populations of C. vulgaris: Lierneux (Upper Ardennes, Belgium, 50°15′N, 5°45′E, 530 m altitude); Chaumont-Gistoux (referred as Chaumont, central Belgium, 50°40′N, 4°40′E, 100 m altitude); and Hargnies (Ardennes, France, 50°20′N, 4°42′E, 450 m altitude).
Self-sterility
A pollination program was conducted in the greenhouse to determine the level of self-sterility of C. vulgaris. Three plants per population, raised from seeds, were grown to flowering for controlled pollination experiments. Three ramets bearing an inflorescence were marked on each individual, and all flowers on one inflorescence (8.2 ± 0.6 flowers per inflorescence; mean ± SE) were allocated to one of the three following treatments.
(1) Cross-pollination (T1): pollen from another individual from the same population was applied to the stigma. For each plant, the same pollen donor was used in all cross-pollinations but pollen donor differed between plants to improve pollen quantity.
(2) Hand self-pollination (T2): flowers were pollinated using pollen from another flower of the same individual.
(3) Autonomous self-pollination (T3): inflorescences were left unmanipulated.
Prior to flowering, individuals were enclosed in nylon mesh bags to prevent accidental pollinations. No emasculation was performed on cross-pollinated flowers, because it has been shown that emasculated buds aborted (Dommée 1968; G. Mahy, personal observations) . Care was taken, however, to prevent transfer of self-pollen onto the stigma. Individuals were checked every 2 days, and flowers were pollinated within 48 h after their opening. Each flower was pollinated twice, and the entire stigmatic surface was evenly covered (>100 tetrads). Pollen used in the treatments was collected from freshly open flowers. All the experiments were conducted under controlled environmental conditions in a growth room with a 16-h light period at 20°C. Fruit formation was noted for each flower, and fruit set was calculated for each inflorescence by dividing the number of mature fruits by the number of pollinated flowers. The ovary was considered to have matured in a capsular fruit when the fruit wall was lignified. All the mature fruits on ramets in each treatment (cross-pollination, 6.8 ± 1.2; self-pollination, 2.8 ± 0.4; autonomous pollination, 1.4 ± 0.3) were harvested, and the number of well-formed seeds per fruit was counted to assess the mean number of seeds per fruit. Relative self-fertility was estimated as the mean seed number per fruit in hand self-pollination relative to that in cross-pollination.
Comparisons among specific treatments for mean fruit set were performed by paired t tests. Percentage of fruit set was arcsine transformed prior to being analysed. Mean seed number per fruit was analysed by two-way ANOVA analysis (mixed model; SAS Institute Inc. (1989) , procedure GLM) with populations as the random effect and pollination treatment as the fixed effect. Comparisons among specific treatments were performed by a priori contrast statement following ANOVA. The contrasts were made as follows: (i) crosspollination versus self-pollination, (ii) cross-pollination versus autonomous self-pollination, and (iii) self-pollination versus autonomous self-pollination. When no fruit was produced by an individual for a single treatment, mean seed number per fruit was set to zero.
Pollen tube growth
To evaluate the performance of pollen tubes in the style, hand self-(T2) and cross-(T1) pollinations were made on five plants. One pollen donor per plant was used. Pollinations were performed as described above except that flowers were pollinated only once. For each treatment, a total of 25 randomly chosen flowers were pollinated on the five individuals. Seven days after pollination, the styles were collected, fixed in FAA for 24 h, and then transferred to 70% ethanol for preservation. Prior to examination, styles were rinsed twice in distilled water and then placed for 0.5 h in 0.1 M K 3 PO 4 (pH 9.0) with 0.1% aniline blue. Styles were then cut transversely, crushed under a coverslip with a drop of aniline blue, and examined under a fluorescence microscope. Pollen tubes were examined at five different levels: at the stigmatic level (germination of pollen), at the top of the style, in the first half of the style, in the second half of the style, and at the base of the style.
Outcrossing rates
Outcrossing rates were estimated in the three populations: seeds were collected from 20 individuals per population. Because stems of different individuals were frequently entangled and had spread laterally, it was not possible to sample from different stems of the same plant. Mature fruits from one inflorescence per individual were collected; seeds were bulked by individual and set to germinate on a peaty substrate at 25°C and 16 h light.
Enzymes were extracted from the green parts of seedlings at least 4 months old with an extraction buffer consisting of 0.1 M phosphate buffer (pH 7.5) modified with 10.0% PVP-40 (w/v) and 1.0% 2-mercaptoethanol (Jacquemart et al. 1994) . Only four enzymatic systems were found to be polymorphic in Belgian populations in preliminary studies (Mahy and Nève 1997) . They are phosphoglucoisomerase (PGI; E.C. 5.3.1.9), menadione reductase (MNR; E.C. 1.6.99.2), isocitrate dehydrogenase (IDH; E.C. 1.1.1.42), and malate dehydrogenase (MDH; E.C. 1.1.1.37). Electrophoresis was conducted with 12% starch gels with a citric acid electrode buffer -histidine-HCl gel buffer (system 1; Soltis et al. 1983 ) and was run for 11 h. Staining methods generally followed Soltis et al. (1983) and Vallejos (1983) . The phenotypic interpretation of zymograms for enzymes examined in this study has been reported by . Eight to 12 seedlings per family were assayed by electrophoresis.
A mixed-mating model was used to estimate mating-system parameters (Brown and Allard 1970) . Single-locus (t s ) and multilocus (t m ) estimates of the outcrossing rates, maternal and pollen allele frequencies, and inferences about maternal genotypes were obtained using the program MLT (Ritland 1990 ). Less frequent alleles were combined to form a synthetic allele when more than three alleles were segregating at a single locus. We used 1000 bootstrap replicates with the progeny array as the unit of resampling to estimate 95% confidence intervals for the outcrossing rate estimates and the maternal and pollen allele frequencies. Boostrap estimates were arranged in ascending order. Assuming that the bootstrap distribution approximated the sampling distribution of parameters, the limits of the confidence interval were set to the 24th and 976th values (P < 0.05, two-tailed test) (Manly 1991) . All comparisons were made by examining limits or overlap of confidence intervals.
Results
Self-fertility
Fruit set following cross-pollinations was high for each individual (90-100%) with a mean of 97.8%. Fruit set following hand self-pollination varied over a wide range (16.7-100%) with a mean of 46.8% (Table 1) . The difference between the means for these two treatments was highly significant (t = 6.01, df = 8, P < 0.01). Most individuals (four of seven) failed to set fruit by autonomous self-pollination, and fruit set for this treatment averaged only 10.9% (Table 1) . Fructification following autonomous self-pollination was significantly lower than that following hand cross-and hand self-pollinations (t = 13.26, df = 6, P < 0.01 and t = 6.61, df = 7, P < 0.01, respectively).
The differences among the pollination treatments for mean seed numbers per fruit were highly significant, while plants originating from different populations did not differ significantly in their response to the treatment (Table 2) . Therefore, the data were pooled over populations to calculate a mean for each treatment. Mean seed numbers per fruit were 14.9, 2.0, and 0.3 for cross-, hand self-, and autonomous self-pollinations, respectively (Table 1) . Thus relative self-fertility was 13%. The cross-pollination treatment produced significantly more seeds than the two selfed treatments, which did not differ significantly, as revealed by contrasts following GLM (Table 2) .
Pollen tube growth
All the hand-pollinated flowers received sufficient amounts of pollen tetrads on the stigma (>50). Pollen-tube growth appeared to be comparable after both cross-and self-pollinations. Pollen tubes reached the ovary in all flowers. The very large number of overlapping tubes in the style precluded accurate counting. We then assessed the density of pollen tubes reaching the base of the style as high, moderate, or low. Most of the styles (88%) contained high densities of pollen tubes. No significant difference was found among treatments for the proportion of flowers with the different densities of pollen tubes (2 × 3 contingency table (Snedecor and Cochran 1968) ; χ 2 = 1.85, df = 2, P < 0.01).
Outcrossing rates
Because of low germination rates of seeds issued from some individuals, the number of families used for the estimation of outcrossing rates ranged from 15 in the Hargnies population to 18 in the Chaumont population (Table 3) . Two to four loci showed sufficient polymorphism for outcrossing estimations in each population. Number of alleles and estimates of the frequency of the most common alleles in adults and pollen are given for the three populations in Table 3 . Differences between allelic frequencies were significant only at the Mnr-1 locus in the Lierneux population. Mean single-locus outcrossing rates ranged from 0.69 to 0.84 with a mean of 0.74, while the multilocus estimations of outcrossing rates ranged from 0.71 to 0.90 with a mean population value of 0.78 (Table 3) . Two of the multilocus values were significantly different from 1.00 (Hargnies, P < 0.01 and Lierneux, P < 0.01), but the estimation for Chaumont did not differ significantly from 1.00 (P = 0.140). As a result of the large confidence intervals, the estimates from all three populations did not differ significantly from one another.
Discussion
Self-sterility and inbreeding depression Controlled pollinations indicated that fruit set can occur in the absence of pollinators, albeit at a low value (10%). This level of fruit set following autonomous self-pollination is lower than that reported by Herrera (1987) , who found 24% fruit set for bagged individuals in a natural population of C. vulgaris, but is similar to the 10% fruit set reported by Dommée (1969) natural populations because of the effect of wind. Wind shakes the inflorescences and then produces the liberation and deposition of self-pollen on stigmas, especially in old flowers where pollen may be easily liberated (Knuth 1908; G. Mahy, personal observations) . However, given that seed production is the ultimate test for quantifying fertility, it appears that this species has no obvious means of autonomous self-fertility. Hand selfpollinations produced fewer fruits than hand cross-pollinations, and the ability of the species to produce seeds under hand self-pollinations was only 13% relative to hand cross-pollinations. Thus, C. vulgaris can be described as mainly self-sterile. Nevertheless, a significant number of well-formed seeds matured following self-pollination. In a review of pollination studies, Lloyd and Schoen (1992) reported that self-sterility was often incomplete, leading to various degrees of seed set after hand self-pollinations depending on the species. Differences among pollination treatments appearing at the level of seed set are greater than at the level of fruit set, most probably because fruits of C. vulgaris may mature with only one viable seed.
Self-sterility in hermaphroditic angiosperms is often due to an active self-incompatibility reaction, whereby self-pollen tubes are prevented from reaching the ovules. In the majority of self-incompatible angiosperms, arrest of incompatible tubes occurred in the stigma or in the style (de Nettancourt 1977; Seavey and Bawa 1986 ). In C. vulgaris, pollen tubes grew to the end of the style with the same success following cross-or self-pollinations. Two mechanisms may account for reduced seed set in selfed fruits despite normal growth of self pollen across the style. First, for a number of species, self-incompatibility barriers may operate in the ovary (just before fertilization) (late-acting SI) (Seavey and Bawa 1986) . Second, self-sterility may be due to early inbreeding depression (Seavey and Bawa 1986; Krebs and Hancock 1990; Seavey and Carter 1994; Husband and Schemske 1995) . In C. vulgaris, we expect that low seed maturation in self-pollination is a product of inbreeding depression, not an incompatibility reaction, because (i) preliminary observations of some selfed ovaries indicated that pollen tubes grow across the ovary and may enter ovules (G. Mahy, unpublished) ; (ii) significant levels of fruit set following self-pollination indicated that selffertilization regularly occurred; and (iii) based on their size and appearance, unfilled ovules and seeds from selfed flowers failed at some points after fertilization. Early inbreeding depression has been found to regulate seed set in other Ericaceae species: Vaccinium spp. (see Harrison et al. 1994 for a review) and Rhododendron spp. (Williams et al. 1984) . The level of inbreeding depression observed at seed maturation in C. vulgaris would be quite high (δ = 1 -(w s /w o ) = 0.87, where w s and w o are the mean number of seeds per fruit (fitness) after self-and cross-pollination, respectively). High levels of inbreeding depression during seed maturation have been found in many predominantly outcrossing species, particularly gymnosperms (reviewed in Husband and Schemske 1995) . Nevertheless, distinguishing between late-acting SI and early embryogenic inbreeding depression may be extremely difficult (Krebs and Hancock 1990) , and more detailed cytological studies are needed to confirm the role of inbreeding depression.
Outcrossing rates
This study provides the first report of outcrossing rate estimates in this widespread important European species. Multilocus estimations of outcrossing rates ranged from 0.71 to 0.90 among the three populations investigated. Therefore, C. vulgaris could be classified as mixed mating, though predominantly allogamous. No significant variation of mating system among populations was detected. Indeed, individuals from different populations did not react differentially to controlled pollinations, and outcrossing rates were not significantly different among populations. It must be stressed that establishing differences in means using ends of groups confidence intervals is extremely conservative and may miss weak significant differences. Calluna vulgaris thus appears to be among the insectpollinated species that regularly reproduces by a mixture of selfed and outcrossed matings (Aide 1986; Barrett and Eckert 1990; Godt and Hamrick 1991) .
Significant realized selfing in natural stands of C. vulgaris is consistent with the finding that self-sterility is incomplete in this species and with bumblebees' foraging behaviour that is likely to promote geitonogamy. However, the relative level of selfing detected by controlled pollinations (13%) is substantially lower than the level of selfing estimated in natural populations by means of isozymes (up to 29%). Outcrossing rate estimations could be lowered by any form of inbreeding in addition to selfing. Biparental inbreeding is likely to occur in natural populations where plants have developed family structure, because crosses in nature tend to be among nearby plants (Watkins and Levin 1990) . In this case, the mean single-locus outcrossing rate is expected to be lower than the multilocus one (Shaw et al. 1981; Ennos and Clegg 1982) . As no differences were detected between t s and t m , biparental inbreeding may not occur in Calluna populations where significant selfing was detected. Even if the above comparison suffered from the large standard errors associated with single-and multi-locus estimates of the outcrossing rate, the lack of biparental inbreeding observed in this study is consistent with the lack of genetic structure reported by Mahy and Nève (1997) within a single Belgian Calluna population.
We also stress that pollination conditions in natural populations may differ from pollination conditions encountered in the greenhouse. One way in which the natural reproduction of plants differs from controlled pollinations with a single pollen donor is the stigmatic pollen pool composition (Cruzan 1990 Table 2 . Two-way analysis of variance (mixed model) of seed number per fruit to analyse the effect of population (random effect) and pollination treatment (fixed effect) across 13 individuals of Calluna vulgaris.
Animal pollinators often deposit pollen grains from several donors (Thomson and Thomson 1989; Dudash and Ritland 1991) , and as a matter of fact, cosexual plants frequently receive both selfed and outcrossed pollen under natural conditions. A critical number of cross-fertilized ovules in the ovary may allow the pistil to survive and then ensure that seeds resulting from self-fertilization will be able to develop in more fruits than after pure self-pollinations. In addition, the presence of high-quality cross-fertilized seeds in the fruit may lead to better resource attractiveness and then ensure that low quality self-fertilized seeds will also develop.
Evolutionary consequences
In this study, selfing-rates were measured at the seedling stage, after the early component of inbreeding has acted. This contrasts with most of the relevant evolutionary theory, which considers the primary selfing rate, that is, the selfing rate at the time of fertilization. It is likely that primary selfing rates in C. vulgaris were higher than those reported at the seedling stage because of the differential mortality of selfed and outcrossed zygotes that occurred between ovule fertilization and seed maturation. Nevertheless, the high inbreeding depression maintained at the seed maturation stage in C. vulgaris and the moderate selfing rate observed in natural populations did not fit the previous theoretical prediction that most inbreeding depression should be purged from populations with even moderate selfing . Calluna vulgaris is a perennial plant that may reproduce by vegetative propagation. These two features are consistent with a high mutation rate per generation due to accumulation of somatic mutations (Klekowski 1988) . Recently, Lande et al. (1994) Table 3 . Number of alleles (K), frequency of the most common alleles in adults and pollen, and single and multilocus outcrossing rates in three populations of Calluna vulgaris (± 95% confidence intervals).
